Neves, Notch and Hedgehog in the thymus/parathyroid common primordium: Crosstalk in organ f o r m a t i o n , Developmental Biology, http://dx.Abstract The avian thymus and parathyroids (T/PT) common primordium derives from the endoderm of the third and fourth pharyngeal pouches (3/4PP). The molecular mechanisms that govern T/PT development are not fully understood. Here we study the effects of Notch and Hedgehog (Hh) signalling modulation during common primordium development using in vitro, in vivo and in ovo approaches. The impairment of Notch activity reduced Foxn1/thymus-fated and Gcm2/Pth/parathyroid-fated domains in the 3/4PP and further compromised the development of the parathyroid glands. When Hh signalling was abolished, we observed a reduction in the Gata3/Gcm2-and Lfng-expression domains at the median/anterior and median/posterior territories of the pouches, respectively. In contrast, the Foxn1 expression-1 Co-authors, these authors contributed equally to this work. domain at the dorsal tip of the pouches expanded ventrally into the Lfng-expression domain.
Introduction
The parathyroid glands and the thymus are organs with distinct functions, carried out mainly by epithelial cells which have a common embryological origin, that is, the endoderm of the pharyngeal pouches (PP). The epithelia of these organs in the avian model originate from the third and fourth PP (3/4PP) endoderm. It is worth noting, that in mammals the thymic epithelium derives from the 3PP endoderm (Farley et al., 2013; Gordon et al., 2001) and in mouse and human the epithelium of parathyroids derives from the 3PP and 3/4PP, respectively.
The main function of the parathyroid endocrine epithelium is to secrete a peptidic hormone, the parathyroid hormone (Pth), essential for the regulation of calcium and phosphate homeostasis (Potts, 2005) . In the thymus, the epithelial cells establish complex interactions with the developing lymphocytes to produce self-restricted and self-tolerant T-cells, which generate central immune tolerance.
Parathyroid and thymic organogenesis starts with the budding off and outgrowth of rudiments from pouches of the foregut endoderm , accompanied by the lining of neural crest-derived connective tissues (Grevellec and Tucker, 2010) . These early steps involve pouch patterning and the establishment of a common primordium in which the distinct parathyroid and thymic prospective domains, can be distinguished by the expression of the organ-specific genes, Gcm2 (Glial cells missing 2) and Foxn1, respectively.
In avian embryos, Gcm2 transcripts were first detected by RT-PCR in isolated quail (q) endoderm at embryonic day (E) 2.5 (25-30 somite-stage) (Neves et al., 2012) . However, in situ expression of Gcm2 has only been observed in the anterior domain of the 3PP and 4PP at Hamburger and Hamilton Stage 18 (HH18) and HH22, respectively (Okabe and Graham, 2004) .
This temporal sequence of Gcm2 expression follows the chronological formation of the pouches.
As development proceeds, Pth is upregulated in the developing glands. In avian, Pth expression was first observed in situ at chicken (c) E5.5 (HH28) (Grevellec et al., 2011) . In Gcm2 homozygous null mutant mice, the expression of Pth is not initiated and no parathyroid glands are formed (Günther et al., 2000; Liu et al., 2007) .
The transcription factor of the winged helix/forkhead class, Foxn1, is the earliest known marker of the thymic rudiment. Foxn1 transcripts were detected in isolated quail endoderm 24 hours after Gcm2 expression. At cE4.5, Foxn1 expression was observed in situ in the dorsal tip of the 3/4PP and transcription endures until birth (Neves et al., 2012) . The gene is mutated in the nude mouse strain, which displays abnormal hair growth and failure of thymus development, leading to immunodeficiency (Nehls et al., 1996; Blackburn et al., 1996; Bleul et al., 2006) .
As in other developmental processes, the activation of the correct transcriptional programs during parathyroid (Neves and Zilhão, 2014) and thymic organogenesis depends on the crosstalk of several signalling pathways which respond to extracellular signals.
Notch signalling is a major pathway during development that acts in a juxtacrine fashion and is responsible for cell-fate decisions (Lewis, 1998; Lai, 2004) . In the last fifteen years, several reports have shown that Notch is fundamental during epithelial-lymphoid cell interactions at late-stages of thymus formation (Rodewald, 2008) . Notably, perinatal mutant mice with loss of Notch ligand Jag2 exhibit aberrant thymic morphology with smaller medullar compartments (Jiang et al., 1998) . Notch activity is also required for the commitment of lymphoid progenitor cells to the T-cell lineage (Pui et al., 1999; Radtke et al., 1999) , in a ligand dependent manner (Jaleco et al., 2001; Dorsch et al., 2002) . Whilst largely unknown, there is some evidence for the role of Notch signalling in the early-development of these organs. In mice, the loss of Notch-target Hes1 promotes a spectrum of malformations of pharyngeal endodermderived organs, including parathyroid glands aplasia/hypoplasia (Kameda et al., 2013) and abnormal thymic formation (Tomita et al., 1999; van Bueren et al., 2010; Kameda et al., 2013) .
Paracrine Hedgehog (Hh) signalling is also involved in craniofacial and neck morphogenesis (Grevellec and Tucker, 2010) , and regulates T/PT common primordium development (Moore-Scott and Manley, 2005) . In Sonic Hh (Shh) homozygous null mutants the rudiment boundaries are compromised, displaying an expanded domain of the prospective thymic territory at the expense of the Gcm2/parathyroid-fated domain (Moore-Scott and Manley, 2005) . This mutant fails to form parathyroid glands (Moore-Scott and Manley, 2005) and displays functional defects in the thymus (Shah et al., 2004) . At later stages of development, Shh and Indian Hh, other Hh signalling molecules, are known to regulate thymocyte differentiation after thymic epithelium colonization by lymphoid progenitor cells (Outram et al., 2009 ).
Hh and Notch pathways interact in multiple biological scenarios (McGlinn et al., 2005; Lawson et al., 2002; Stasiulewicz et al., 2015) . In distinct developmental contexts, Notch signalling is known to control morphological boundary formation by the mechanism of lateral inhibition (Lewis, 1998; Lai, 2004; Kiernan, 2013) . In light of this evidence, we hypothesized that similar mechanisms could operate in the development of T/PT common primordium. In order to test this hypothesis, Notch and Hh signals were inhibited in vitro and in vivo in the presumptive territories of thymus and parathyroids by ectopic administration of the respective pharmacological inhibitors. Briefly, our results show a positive regulatory effect of Notch signalling in T/PT common primordium development and parathyroid gland formation. Hh positively regulates the Gata3/Gcm2/parathyroid-fated domain. Furthermore, Hh establishes the dorsal/posterior boundary of Foxn1/thymic rudiment by positively regulating Lfng/Notch signals at the posterior/median territory of the developing 3/4PP endoderm.
Materials and Methods

Embryo preparation
Fertilised Japanese quail (Coturnix coturnix japonica) and chicken (Gallus gallus) eggs were incubated at 38°C in a humidified incubator. Embryos were staged according to Hamburger and Hamilton (Hamburger and Hamilton, 1951) . Quail (q) embryos were dissected at embryonic day (E) 3 and E4 for in vitro development studies and whole-mount in situ hybridisation (WM-ISH) procedures. Chicken (c) embryos were used at E2.5 (HH17) and E3.5 (HH21) for in vivo assays and at E8 for in ovo organ formation assays. Chicken pharyngeal endoderm was isolated at E3.5 and E4.5 (HH24-25) and used for WM-ISH, as previously described (Neves et al., 2012) .
In vitro organotypic assay
The third and fourth pharyngeal arches region (3/4PAR) was dissected from qE3 on PBS (3/4PAR-0h), and kept on ice until culture. The 3/4PAR included the 3/4PP and foregut endoderm and the ventral mesenchymal-and ectodermal-neighbouring cells. The dorsal structures like notochord, somites and neural tube were removed ( Figure 1A -F). Explants were then placed on a 24mm Transwell® with 0.4µm Pore Polycarbonate Membrane Insert (Corning Product #3412). Seven explants per well were placed with the ventral side up and the dorsal side in contact with the membrane ( Figure 1G ). The tissues were grown partially immersed in culture medium, RPMI-1640 Medium (Sigma) supplemented with 10% FBS (Invitrogen), 1x
Pen/Strep (Invitrogen) in a humidified incubator at 37°C with 5% CO 2 , for 48h (3/4PAR-48h).
For Notch signalling inhibition assays, culture medium was supplemented with LY-411.575 (Ly, Stemgent -Stemolecule™) at 50nM (Ly-50), 100nM (Ly-100) or 200nM or with Dibenzazepine (DBZ, Selleckchem) at 5μM (DBZ-5), 10μM (DBZ-10) or 15μM (DBZ-15) (experimental conditions). For Hh signalling inhibition assays, culture medium was supplemented with 20μM of Cyclopamine (Cyc, Sigma) or with 10μM of Vismodegib (Vis, Selleckchem) (experimental conditions). In parallel, explants were grown with culture medium supplemented with the drug solvent, DMSO, at similar concentrations as the ones present in the medium of experimental conditions [Control-50 (Ly)-0.0005% DMSO; Control-100 (Ly)-0.001% DMSO; Control-200 (Ly)-0.002% DMSO; Control-5 (DBZ)-0.05%; Control-10 (DBZ)-0.10%; Control-15 (DBZ)-0.15%; Control (Cyc)-0.16%; Control (Vis)-0.2%] (control conditions).
Following the incubation period, cultured explants were either used for RNA isolation (see Quantitative real time RT-PCR section) or grafted on the chorioallantoic membrane (CAM) at cE8.
In ovo organ formation assay
The 3/4PAR explants grown in vitro for 48h were grafted on the CAM of chicken embryos at cE8 ( Figure 1G ). Transplanted tissues were allowed to further develop in ovo for 10 days in a humidified incubator at 38°C, as previously described (Neves et al., 2012) . For Notch inhibition assays, the 3/4PAR-48h explants derived from Ly-200 (3/4PAR Ly-200) were grafted and developed in CAM (Graft-Ly) (experimental condition). For the control conditions, 3/4PAR-48h explants derived from were grafted and developed in CAM (Control-Ly). For both conditions, transplanted tissues were allowed to further develop in ovo for 3 and 10 days in a humidified incubator at 38°C. Survival and organ formation were evaluated in CAM-derived explants grown in ovo for 10 days.
In vivo assays
For in vivo Notch inhibition assays, 20-40l of 5M, 10M or 20M of Ly were injected on the right side of the embryo near the region of the heart and pharyngeal arches, after local removal of extra-embryonic membranes, at cE2.5 and cE3.5. In parallel, control embryos were injected with 20-40l of DMSO at a similar concentration as the one present in the medium of experimental conditions (0.05%, 0.1% and 0.2%, respectively). Chicken embryos were allowed to develop in ovo for 20-24h in a humidified incubator at 38°C.
For in vivo Hh inhibition assays, heparin acrylic beads (Sigma) were rinsed in PBS and soaked overnight at 4°C in a solution of 6mM of Cyc or in PBS. Cyc-and PBS-beads were inserted in the embryo pharynx lumen through the second cleft and placed at the level of the 3/4PP, after local removal of extra-embryonic membranes, at cE2.5 and qE3 (Cyc and Control-PBS, respectively). In order to increase Hh inhibition effects, multiple beads were placed per embryo. Quail embryos were allowed to develop for 20-24h in 30 mm petri-dishes containing 2mL of PBS in a humidified incubator with 5% CO 2 at 37°. Chicken embryos were allowed to develop in ovo for 20-24h in a humidified incubator at 38°C.
Quantitative real time RT-PCR
Total RNA from the samples was extracted using a combination of TRIzol reagent (Invitrogen) and RNeasy Mini Kit (QIAGEN) according to the manufacturer's instructions.
RNA samples were obtained from freshly isolated 3/4PAR from qE3 (3/4PAR-0h) and from 3/4PAR grown in vitro for 48h (3/4PAR-48h). Triplicates of 7 explants per sample were analysed for each condition. After DNAse treatment for 15 min, first-strand cDNA synthesis was performed in a total volume of 20μL, by reverse transcription of 300ng of total RNA using the SuperScript TM III Reverse Transcriptase kit and Oligo (dT) 12-18 Primer (Invitrogen), according to the manufacturer's instructions. All steps of RNA extraction and cDNA synthesis were performed in a vertical laminar flow hood to avoid contamination. Concentration and purity of both the RNA and cDNA samples were determined using a NanoDrop® ND-1000 Spectrophotometer (Thermo Scientific).
To exclude the amplification of genomic DNA, primers were designed to span introns near the 3'poly-A tail using Primer3 software (Table 1) Thermocycling conditions were as follows: an initial denaturation at 50°C for 20sec and 95°C for 10min, followed by 40 cycles at 95°C for 15sec and at 60°C for 1min. To confirm primer specificity, a melting curve was generated at the end of each experiment. Relative quantification of gene expression was determined by the ΔΔCt method (Livak and Schmittgen, 2001) using actin (Actb) and Hypoxanthine-guanine phosphoribosyltransferase (Hprt) as endogenous genes.
Three technical replicates were used for each condition.
In situ hybridisation and immunohistochemistry
Quail and chicken embryos, in vitro explants and CAM-derived explants were fixed overnight in 4% paraformaldehyde/PBS at 4°C. Samples were then processed for whole-mount in situ hybridisation, immunohistochemistry and immunofluorescence.
Whole-mount preparations were hybridised with Delta1 (Henrique et al., 1995) , Fgf8 (Crossley et al., 1996) , Foxn1 (Neves et al., 2012) , Gata3 (Lilleväli et al., 2007) , Gcm2 (Neves et al., 2012) , Gli1 (Marigo et al., 1996a) , Gli3 (Marigo et al., 1996a) , Hey1 (Leimeister et al., 2000) , Jag1 (Myat at al., 1996) , Lfng (Aulehla et al., 1999) , Notch1 (Myat at al., 1996) , Shh (Riddle et al., 1993) , Patched1 (Marigo et al., 1996b) and Pax1 (Wallin et al., 1996) probes as previously described (Etchevers et al., 2001; Henrique et al., 1995) . Paraffin sections of CAMderived explants grown for 3 days were in situ hybridised with Foxn1 and Hes5.1 (Fior and Henrique, 2005) .
Paraffin sections of explants developed in ovo for 10 days were analysed by haematoxylin-eosin staining (H&E) to determine the number, size and morphology of thymic lobes and parathyroid glands formed. Sections of CAM-explants were further treated for immunocytochemistry with the anti-pan [Lu-5] Cytokeratin antibody (Pan CK) (Abcam; for labelling epithelial cells).
Microscopy H&E and immunohistochemistry images were collected using Software Leica Firewire and Leica DM2500 microscope with Leica DFC420 camera. WM-ISH pictures were taken under a Leica Z6 APO equipped with a Leica DFC490 camera.
Statistical analysis
Means and standard deviations were determined with Microsoft Excel/GraphPad Prism® (version 6.01) software. Two-tailed Student's t-tests and Mann-Whitney non-parametric tests were used for the analysis of in vitro and in ovo assays, respectively. Results were considered significantly different when the P value was less than 0.05 (P< 0.05).
Results
Notch-target genes Hey1, Hes5.1 and Gata3 are involved in the 3 rd and 4 th pharyngeal pouches endoderm development.
To investigate the role of Notch signalling during the development of thymus and parathyroids (T/PT) common primordium we analysed the expression of Notch-target genes, Hey1, Hes5.1, Hes6.1 and Gata3 (Fang et al., 2007; Naito et al., 2011) , within the presumptive territories of these organs (3/4PAR) ( Figure 2 ).
Notch-target gene expression was evaluated during normal development of the 3/4PAR. qE3 3/4PAR was isolated (3/4PAR-0h) and grown in vitro for 48h (3/4PAR-48h) ( Figure 2A ).
As depicted in Figure 2B , high levels of Hey1 and Gata3 transcripts were detected in freshly isolated tissues and significantly decreased after 48h of culture. A similar trend was observed in in the lowly-expressed transcripts, Hes5.1 and Hes6.1. The reduction of Hey1 and Gata3 transcript levels was further supported by in vivo gene-expression evaluation at similar developmental time-windows, i.e. qE3 and qE4. Hey1 transcripts were broadly detected along the endoderm, mesenchyme and ectoderm of the 3/4PAR ( Figure 2C and D) whereas Gata3 expression was restricted to the endoderm of the pouches. At qE3, the strongest Gata3 hybridisation signals were observed in the tips and anterior domain of the 3PP endoderm ( Figure 2E ), the T/PT common primordium territory. After 24h of development, Gata3expression domain was confined to a more median/anterior position ( Figure 2F ), at the parathyroid rudiment territory (Neves et al., 2012) . Gata3 expression was maintained later in the developing parathyroids (Suppl. Fig. 1A ). Interestingly, Gata3 has been previously shown to be involved in parathyroid formation (Grigorieva et al., 2010) .
Notch signalling was then modulated during common primordium formation ( Figure   2A and G-L). 3/4PAR was grown in vitro in the presence of three doses of the Notch inhibitor LY-411.575 (Ly), at 50nM, 100nM and 200nM ( Figure 2G ). A strong and significant reduction of Hey1 (67%, 77% and 74%) and Hes5.1 expression (98%, 74% and 92%) was observed in the pharyngeal tissues treated with Ly (Ly-50, Ly-100 and Ly-200, respectively), when compared to control conditions. Gata3 transcript levels were also diminished (45%, 31% and 29% in Ly-50, Ly-100 and Ly-200, respectively) while no changes were observed for Hes6.1 expression in either condition. This Notch-target gene belongs to the Hes6 family previously reported to be transcriptionally repressed by Hes5 genes (Fior and Henrique, 2005) .
To validate the specificity of Notch signalling inhibition effects, similar in vitro assays were performed using three doses (5M, 10M and 15M) of a different Notch inhibitor, Dibenzazepine (DBZ) ( Figure 2H ). As expected, a strong decrease of Hey1 (72%, 71% and 66%) and Hes5.1 (93%, 93% and 98%) transcript levels was accompanied with a less impressive reduction in Gata3 expression (46%, 38% and 26%) in explants cultured with increasing doses of DBZ. Likewise, the expression levels of Hes6.1 in DBZ-treated explants were similar to control conditions. The capacity to inhibit Notch was further confirmed by an in vivo approach with the injection of Ly (5-20M) on the right side of the pharyngeal region of developing embryos. Ly administration was performed at cE2.5, the developmental stage prior to the formation of T/PT common primordium and to the in situ detection of Gcm2 (Okabe and Graham, 2004) . Injected embryos were allowed to develop for 20-24h and then in situ analysed for Hey1 and Gata3 expression ( Figure 2I -L). These genes were selected because of their high expression during in vitro development ( Figure 2B ). Chicken embryos were used in these experiments as some of the probes were inefficient for WM-ISH in quail embryos. In Ly-injected embryos, Hey1 expression was abolished in all tissues of the pharyngeal region ( Figure 2J Taken together, our data show that Notch-target genes Hey1 and Gata3 may act as positive mediators of Notch activity during the development of the T/PT common primordium.
Notch signalling inhibition promotes the reduction of Foxn1 and Gcm2/Pth expression in the endoderm of the 3 rd and 4 th pharyngeal pouches.
To investigate the effects of Notch signalling inhibition during common primordium stages, we analysed the transcript levels of the T-and PT-related markers, Foxn1 (Neves et al., 2012) and Gcm2/Pth (Neves et al., 2012; Grevellec et al., 2011) genes, respectively ( Figure 3 ).
The expression analysis was expanded to transcription factors known to be involved in the morphogenesis of the pouches and formation of these organs, the Pax1 and Fgf8 genes (Dietrich and Gruss, 1995; Wallin et al., 1996; Su et al., 2001; Guo et al., 2011; Frank et al., 2002) . In vitro and in vivo assays were performed as described in the previous section (schematic representation, Figure 3A ).
We began by examining the in vitro development of pharyngeal tissues ( Figure 3B ).
Predictably, Foxn1 transcripts were almost undetectable in 3/4PAR-0h but increased 35-fold during 48h culture, confirming thymic epithelium specification during this developmental timewindow (Neves et al., 2012) . Conversely, the transcription factor Gcm2 was already strongly expressed in freshly isolated tissues and increased 4-fold in 3/4PAR-48h. In parallel, we observed a striking augmentation of Pth expression (986-fold), an indication of parathyroid epithelium differentiation (Günther et al., 2000) . Minor changes were globally detected in the expression of Pax1, while Fgf8 transcripts were significantly reduced. A similar trend was observed in the gene expression patterns of Pax1 and Fgf8 in situ at similar developmental timewindows (qE3 and qE4; Figure 3C -F). High levels of Pax1 expression were observed in the 3/4PP endoderm. The stronger hybridisation signals were confined to the dorsal tip of the pouches ( Figure 3C and D) , the presumptive territory of the thymic rudiment (Neves et al., 2012) . The expression of Pax1 was maintained in the thymic epithelium at later stages of development (Suppl. Fig. 1C ), as has been observed in mice (Wallin et al, 1996) . Faint hybridisation signals of Fgf8 were observed in the posterior/median domain of the 3/4PP endoderm at qE3 ( Figure 3E ) and almost disappeared at qE4 ( Figure 3F ). In short, our in vitro system reproduced the normal dynamic of Foxn1, Gcm2, Pth, Pax1 and Fgf8 expression in the developing endoderm of the 3/4PP. The in situ study also confirmed the restricted expression of Pax1 and Fgf8 in the endodermal pouch compartment at these stages of development.
To analyse the effects of Notch inhibition, pharyngeal tissues were treated with Ly ( Figure 3G ), as described above. When compared to control conditions, a significant reduction of Foxn1 expression was observed in Ly-derived explants (35%, 56% and 49% in Ly-50, Ly-100 and Ly-200, respectively), suggesting that the abolishment of Notch activity compromises thymic epithelium specification. A significant decrease of Pax1 expression (46%, 55% and 65%) was also consistently observed with increasing doses of Ly. In addition, Ly-treated tissues showed a reduction of Gcm2 transcript levels (around 80%), alongside the almost total lack of Pth expression (more than 90% reduction), revealing the requirement of Notch signalling activity in the early-stages of parathyroid epithelium differentiation. No significant changes in Fgf8 expression levels were detected during in vitro development.
Similar results were obtained when Notch signalling was abrogated using DBZ ( Figure   3H ). Foxn1, Gcm2, Pth and Pax1 transcript levels were significantly reduced in DBZ-treated explants. The expression levels of Fgf8 were similar in the DBZ and control conditions. The in vivo results ( Figure 3A and I-L) supported the in vitro effects, as described above.
Ly was injected in the 3/4PAR at cE3.5, the corresponding stage to qE3, and allowed to develop for further 20-24h. As previously reported (Neves et al., 2012) , Foxn1-and Gcm2-expression domains were localized in the dorsal-tip (n=4/4; Figure 3I ) and median/anterior (n=5/5; Figure   3K ) region of the 3/4PP, respectively, in control embryos (Control-DMSO). The expression of Foxn1 (n=4/4; Figure 3J ) and Gcm2 (n= 5/5; Figure 3L ) was strongly diminished in the pouches of Ly-injected embryos. The decrease of Gcm2 expression was only observed in embryos injected with the highest concentration of Ly (20M), whereas Foxn1 expression was reduced even with the lowest dose (5M). Concordantly, only transcripts of Gcm2, and not Foxn1, were clearly detected in freshly isolated tissues at qE3 ( Figure 3B) , the developmental stage similar to the moment of embryo injection.
These data provide evidence that Notch signalling has positive regulatory effects during the development of the T/PT common primordium.
Notch signalling inhibition during early-development of the 3 rd and 4 th pharyngeal arch region impairs the subsequent formation of parathyroid glands.
We then asked if Notch signalling was required at the T/PT common primordium stage for the respective organ formation. To address this question, Ly-treated tissues were grafted onto CAM and allowed to develop in ovo for 10 days ( Figure 4A ).
We have previously used in ovo assays to evaluate the capacity of explants to form organs when grafted onto CAM (Neves et al., 2012) . Distinct pharyngeal derived organs displaying normal tissue-tissue interactions were formed in CAM-derived DMSO-free explants (3/4PAR-48h) (Suppl. Fig. 1D-J) . These organs were, however, anatomically displaced due to physical constrains during the ectopic growth in CAM. Briefly, chimeric thymus was formed as a result of quail thymic epithelial colonization by lymphoid progenitor cells of donor origin (chicken) (Suppl. Fig. 1F ). Thymic lobes showed normal morphological characteristics with discrete cortical and medullary compartments (Suppl. Fig. 1E ). Only one third of the lobes were formed per explant (4, n=6), compared with the usual bilateral segmentation of up to 7 thymic lobes per embryo. Regarding the parathyroid glands, each explant showed similar size and number of organs formed (1.7, n=6) when compared to normal embryogenesis (2 parathyroids per embryo). The glands showed normal morphological features with parenchymal cells arranged in clusters, encircled by numerous capillaries and surrounded by a dense and irregular connective tissue capsule (Suppl. Fig. 1H and I) .
The ability of the pharyngeal tissues treated with Ly (3/4PAR Ly-200) to form organs when grafted onto CAM was then assessed (Graft-Ly) ( Figure 4B-M) . The number of thymic lobes formed in Graft-Ly was slightly higher than in control conditions, but with similar sizes ( Figure 4B ) and normal morphology ( Figure 4D and F) . These results demonstrated that absence of Notch signals at the common primordium stage was not sufficient to block thymus formation. Moreover, the subsequent development of the thymic rudiment may have been caused, at least partly, by the reactivation of Notch activity in the drug-free CAM environment.
When Ly-derived explants were analysed 3 days post-grafting onto CAM strong Hes5.1 expression was observed, confirming the reactivation of Notch signalling ( Figure 4H , n=3/4).
Likewise, Foxn1 expression was detected in thymic rudiments derived from Graft-Ly ( Figure   4H´ ) and Graft-Control ( Figure 4G´, n=3/3) . Altogether, the data indicate that early-absence of Notch signalling may delay thymic epithelium specification from the T/PT common primordium without blocking it. To further explore the role of Notch signalling at later stages of thymus development, explants were grown in CAM with daily administration of 200nM of Ly.
Under these conditions, Notch signalling blocking was not achieved, as assessed by Notchtarget gene-expression analysis (data not shown). This was probably due to the inaccessibility and/or inappropriate concentration of Ly. The number, size and morphology of the thymuses formed were similar in CAM-derived explants irrespectively of in ovo daily administration of Notch inhibitor (data not shown).
The capacity of in vitro Ly-treated pharyngeal tissues to form parathyroids was then evaluated ( Figure 4I-M) . We observed both fewer and significantly small sized parathyroid glands in Graft-Ly explants (40% less than control) ( Figure 4I ). These glands also showed poorly developed parenchymal cells clusters ( Figure 4K and M) . These results demonstrate that Notch signalling inhibition at the T/PT common primordium stage is sufficient to prevent normal parathyroid epithelium differentiation and to irreversibly compromise long-term organ formation.
Having shown parathyroids aplasia/hypoplasia in cultured explants deprived of Notch signals, we asked if Notch regulates cell-proliferation and/or cell-death during common primordium stages. 3/4PAR grown in vitro with 200nM of Ly was fixed and analysed in situ.
Apoptotic and mitotic cells were identified by the presence of Casp3 (Suppl. Fig. 2A and B) and
Phos-H3 (Suppl. Fig. 2C and D) , at 24h and 48h of development, respectively. The number of Casp3 + E-Cad + cells was similar in 24h-cultured tissues, regardless of the drug treatment (1133±431 and 958±183 apoptotic cells/mm 2 of endodermal tissue in Control-and Ly-derived explants, respectively) (Suppl. Fig. 2A and B) . When tissues were analysed after 48h in culture, no differences were observed in the number of Phos-H3 positive nuclei in experimental and control conditions (229±40 and 250±53 mitoses/mm 2 of endodermal tissue in Control-and Lyderived explants, respectively). Moreover, almost no apoptotic features, characterized by pyknosis, were observed with DAPI staining (Suppl. Fig. 2C and D) . Accordingly, similar survival rates were observed in CAM-derived explants [75% (n=6/8) in Graft-Control and 88% (n=8/9) in Graft-Ly], suggesting no involvement of Notch signalling in proliferation/cell death during 3/4PP endoderm development.
Altogether the results indicate that blocking Notch signalling activity during the common primordium stage impairs parathyroid gland formation, possibly by preventing normal epithelium differentiation, without affecting thymus development.
Hedgehog modulates Notch signalling in the developing endoderm of the 3 rd and 4 th pharyngeal pouches.
Given the role of Notch as a modulator of Hh signalling in the dorso-ventral patterning of the neural tube (Stasiulewicz et al., 2015) , we further investigated if Hh signalling could be modulated by Notch during T/PT common primordium formation.
We started by studying the expression of distinct Hh-related genes in pharyngeal tissues ( Figure 5A-G) . The expression of Patched1 (Hh receptor), Shh (Hh ligand), Gli1 and Gli3 (Hhtarget genes) was analysed during in vitro ( Figure 5A ) and in vivo ( Figure 5B -G) development, as described above. Shh was the most highly expressed Hh-related gene in the developing 3/4PAR ( Figure 5A ). Its expression was confined to the endodermal territory of the central pharynx, excluding the 3/4PP (data not shown). The transcript levels of Patched1 were maintained during 48h of culture and its hybridisation signals were faint in all pharyngeal tissues ( Figure 5B and E) . Interestingly, Gli1 and Gli3 transcripts were significantly reduced during in vitro development. The in situ analysis of these genes revealed hybridisation signals of Gli1 (Figure 5C and F) and Gli3 (Figure 5D and G) along the endoderm, mesenchyme and ectoderm of the 3/4PAR. However, Gli3 expression was more evident in the anterior/dorsal tip-( Figure 5D ) and posterior/dorsal tip-domains ( Figure 5G Fig. 3 ).
To clarify the interactions between the Notch and Hh pathways, we then questioned if
Hh activity could modulate Notch signalling during common primordium formation. Pharyngeal tissues were treated with Cyclopamine (Cyc), a well-described teratogen known to inhibit Hh signal transduction by binding to the heptahelical bundle of Smoothened (Chen et al., 2002) . In parallel, another Hh inhibitor Vismodegib (Vis) was used to validate the in vitro Hh inhibitory effects. The expression of Notch-target genes was then analysed in explants grown in the presence of these inhibitors to evaluate the capacity of Hh activity to modulate Notch during common primordium formation ( Figure 5J and K). Explants grown in the presence of Cyc or Vis showed a significant reduction of Hey1 (63% and 29%, respectively) and Hes5.1 (79% and 60%, respectively) transcript levels, suggesting Notch signalling modulation by Hh during this developmental time-window. Concordantly, no changes were observed in the expression of Hes6.1 and Gata3.
The block of Hh signalling was confirmed by the strong reduction of Patched1 expression (80%) in tissues grown with either Hh inhibitor ( Figure 5K ), as previously described (Grevellec et al., 2011; Cordero et al., 2004) . A significant reduction of Shh transcripts was also detected in Cyc-treated explants, as has been reported in other developmental contexts (Cordero et al., 2004) . The expression levels of Gli1 and Gli3 were unchanged in both experimental conditions. Finally, functional readouts of in vitro Hh inhibition with Cyc were evaluated (Suppl. Fig. 4 ). Consistent with results reported in the Shh -/mice phenotype (Moore-Scott and Manley, 2005 ), a significant increase in Foxn1 expression was accompanied with a reduction of the parathyroid-markers, Gcm2 and Pth, in Cyc-treated explants (Suppl. Fig. 4A ). The moderate reduction of Gcm2 transcripts, in contrast with its absence in the mutant mice, is in accordance with a less responsive Gcm2-expression domain to Hh at these stages of development (Grevellec et al., 2011) . Moreover, pharyngeal tissues with compromised Hh activity showed massive apoptosis, disruption of epithelial integrity (Suppl. Fig. 4B´and C´) and low survival rates when grafted onto the CAM, resulting in thymic hypoplasia and abnormal parathyroid formation (Suppl. Fig. 4E-I´) . The results are consistent with previous reports describing the role of Hh in the formation of pharyngeal endoderm-derived organs (Moore-Scott and Manley, 2005; Grevellec et al., 2011; Shah et al., 2004; Outram et al., 2009 ).
Together, the data suggest a fine-tuning modulation of Notch and Hh pathways during T/PT common primordium formation. Importantly, Hh signalling may regulate Notch activity during this developmental time-window.
Hedgehog modulates Notch signalling in distinct domains of the developing endoderm of the 3 rd and 4 th pharyngeal pouches.
As shown above, Hh regulates the expression of Notch-target genes in cultured tissues.
We therefore carried out in vivo modulation of Hh activity during the development of T/PT common primordium. Beads soaked with Cyc (6mM) were placed in the lumen of the pharynx through the second cleft and sited near the 3/4PP at cE2.5 and qE3. After 20-24h of development, embryos were fixed and analysed by WM-ISH for Notch-target genes and organ epithelial markers ( Figure 6 ). Embryos developed with low Hh activity in the pharyngeal region showed a reduction in Gata3 expression in the anterior/median territory of the 3PP endoderm ( Figure 6E , n=4/5), when compared with control embryos (Figure 6A , n=5/5). In the same pouch region, we observed the loss of Gcm2 expression ( Figure 6F , n=4/5), an expected result considering that Shh -/mice have no Gcm2 expression in the presumptive territory of the parathyroids (Moore-Scott and Manley, 2005) . These results suggested that Hh activity positively regulates Gata3/Notch signals in the Gcm2/parathyroid-fated domain of the 3/4PP endoderm. However, embryos with Cyc-soaked beads (Cyc-beads) showed the maintenance of Gata3 expression in the dorsal tip of the 3PP, the presumptive thymic domain (Figure 6E) . At later stages, low Hh activity in the pharyngeal region led to a decrease of Gata3 expression in the 4PP endoderm of qE3 (a similar stage to cE3.5, Figure 6J ) embryos ( Figure 6G, n=3/3 ). This effect recapitulates the one observed in the 3PP at an earlier stage of development (cE2.5). This dynamic spatial and temporal action of Hh signalling has already been described for the modulation of Gcm2 expression during PP development (Grevellec et al., 2011) .
To further investigate downstream targets of Hh signalling in the presumptive thymic rudiment, we screened for the expression of other Notch-related genes in 3/4PP endoderm.
Several genes were studied and their expression patterns were unaltered or inconsistently modified when Hh signalling was impaired (Suppl. Fig. 5A-F) . Only Lfng, a Notch modulator, showed robust modified expression in these conditions. Lfng is normally expressed in the posterior/median territory of the 3PP endoderm ( Figure 6D, n=4/4) , the territory excluded from the T/PT common primordium, and in mesenchymal cells. In the absence of Hh signals, its expression was downregulated in the pouch and in some neighbouring cells ( Figure 6H, n=4/4 ).
Lfng is known to inhibit Jag1-mediated signalling and to potentiate Notch1 activation via the Delta1 ligand (Hicks et al., 2000) . In cE3, faint expression of Notch1 ( Figure 6I ) and Delta1 ( Figure 6K ) was observed in the endoderm and neighbouring cells of the 3PP. The expression of Jag1 ( Figure 6L Having in mind that the posterior boundary of Foxn1/thymus-fated domain is the Lfngexpression domain, we questioned if the territory of the former could be altered when Hh signalling was abolished. When compared to controls ( Figure 6M , n=7/7), qE3 embryos with Cyc-beads presented an enlarged Foxn1-expression domain with stronger hybridisation signals ( Figure 6N, n=4/6 ). The expansion of the Foxn1/thymus-fated domain was from the dorsal tip to a more posterior/median region of the pouch. This territory partially overlapped with the Lfngexpression domain, which in turn was prevented in the absence of Hh. These results thus suggest that Lfng/Notch activity defines the posterior boundary of the Foxn1/thymus-fated domain, in an Hh-dependent manner.
Notably, an enriched expression of Foxn1 was observed in the 2PP endoderm ( Figure   6N ), suggesting that Hh signalling prevents the Foxn1/thymus-fated domain in the most anterior pouches. Similar ectopic and abnormal Gcm2 expression in the 2PP was previously reported as a result of Hh inhibition (Grevellec et al., 2011) .
Discussion
In avians, as in mammals, the thymus and parathyroids epithelia derive from a common endodermal primordium of the pharyngeal pouches. This process involves the patterning of the pouches followed by rudiment specification. In this study, we propose that the temporal and spatial dynamics of the pharyngeal morphogenesis are regulated by Notch and Hh signals during the development of the T/PT common primordium and the formation of thymic and parathyroid rudiments.
Thymus and parathyroids common primordium
In avians, as opposed to mice, the thymus and parathyroid epithelia derive not from one (3PP) but from two sequentially developing pharyngeal pouches, the 3PP and 4PP. Consistent with the temporal gap of 12h to 24h between the formation of the two pouches, a delay in the expression of several transcriptional regulators known to be involved in PP patterning and earlyformation of these organs has also been observed . For example, Gcm2 expression in the anterior domain of the 3PP was first reported at HH18 (cE3; qE2.5), prior to the formation of the 4PP. Only at HH22 (cE4; qE3) was the expression of Gcm2 observed in the 4PP (Okabe and Graham, 2004) . To overcome this complexity we opted to perform the in vitro studies at qE3 stage when both pouches are already formed.
We observed a consistent impairment in the development of the T/PT common primordium when Notch signalling was in vitro and in vivo inhibited (schematic representation in Figure 7A ). The expression of thymic and parathyroid markers (Foxn1 and Gcm2/Pth) was strikingly decreased. These effects were accompanied with the reduction of Gata3, suggesting that this Notch-target is a downstream mediator of Notch activity during common primordium development. In agreement, heterozygous mice mutants for Gata3 have smaller T/PT common primordium with fewer cells expressing Gcm2 (Grigorieva et al., 2010) . When Hes1, another Notch-target, was deleted in neural crest cells, there was aplasia/hypoplasia of these organs, stressing the importance of driving specific Notch signals into distinct tissues during early stages of thymic and parathyroid formation (Kameda et al., 2013) . We have previously developed an in vitro experimental system with the heterospecific association of quail and chicken tissues, which has allowed us to study epithelial-mesenchymal interactions during thymus and parathyroid organogenesis (Neves et al., 2012) . Insufficient information on quail and chicken genetic sequences has been a limiting step for discriminating tissues of different origin by qRT-PCR assays. As a consequence, the complete distinction of the endodermal and mesenchymal specific functions during organ formation, particularly important in a cell-cell contact signalling activation like in the Notch pathway, could not be fully addressed in this study.
We identified a new domain in the 3PP at qE3 (cE3.5), excluded from the common primordium, in which the Notch-modulator Lfng, and also Fgf8 were expressed. The reduction of Lfng and Fgf8 (Suppl. Fig. 4A ) in the absence of Hh suggests that this domain may be involved in the regulation of T/PT common primordium development, in an Hh-dependent manner. These data, though limited, suggests a putative Shh-Fgf8-Lfng network, involving distinct signalling centres located in the endoderm of the pharynx and within the pouches. In other biological contexts, Lfng is known to respond to Fgf8 signals (Shifley et al., 2008) . On the other hand, Fgf8 has been shown to respond to Shh produced by the pharyngeal endoderm during arch patterning (Haworth et al., 2007) . And in the developing 3PP, a hyperresponsiveness to Fgf8 alters, at least in part, the initiation of parathyroid-and thymus-fated markers (Gardiner et al., 2012) .
The endoderm of the pharynx is indeed the main source of Hh signals, via Shh secretion, during the development of the T/PT common primordium ( Figure 7B ). The median/anterior and median/posterior territories of the developing pouches are closer to the source of Hh, as opposed to the tips, which will grow apart to more dorsal and ventral positions. At qE3, expression of various Notch-related genes is distributed along the pouches. The median/anterior region and tips of the pouch originate a Gata3-expression domain while the median/posterior territory gives rise to the Lfng-expression domain. The restricted median/anterior domain of Gata3 also co-expresses Gcm2. As development proceeds, the Gata3/Gcm2 domain starts to express Pth and becomes more restricted to a smaller central territory of the anterior/median region of the pouch (Figure 7A ), originating the parathyroid rudiment at qE4 (Neves et al., 2012) .
When Hh signals were abolished in the pharynx, downregulation of Gata3/Gcm2 and Lfng expression was observed, indicating that the median domains of the pouches are positively regulated by Hh signalling. In contrast, the expression of Gata3 was maintained at the tips of the pouches, suggesting that there are Gata3/Notch signals in the common primordium that respond differently to Hh (schematic representations in Figure 7C ). It is therefore conceivable that during the specification of the rudiments, the parathyroid-fated domain is more sensitive to Hh signalling, while the thymus-fated domain is unresponsive to Hh.
Overtime, the source of Shh gets further away and overall the pouches become less sensitive to Hh. In fact, the upregulation of Gcm2 was reported to correlate with the loss of Hh receptor Patched1 during 3PP development in mice (Grevellec et al., 2011) .
Parathyroid rudiment
The specification of the parathyroid rudiment is known to be dependent on Gcm2 transcriptional activation. Deficiency of Gcm2 in mice leads to the absence of parathyroid glands without affecting thymus formation (Liu et al., 2007) . Notch-target Gata3 (Fang et al., 2007; Naito et al., 2011) is one of the upstream regulators of Gcm2, as Gata3 -/mice showed no Gcm2 expression and no gland formation (Grigorieva et al., 2010) . In this investigation, the decreased expression of Gata3 was accompanied by a sharp reduction of Gcm2 in the absence of Notch, demonstrating a Notch signalling activation requirement, via Gata3, for parathyroid epithelium differentiation. Evidence supporting this hypothesis was the loss of Pth expression and abnormal parathyroid formation, when common primordium was grown in the absence of Notch activity. It has been recently shown in mice that Gata3 cooperates with Gcm2 to activate Pth expression (Han et al., 2015) .
Apart from a possible role in epithelium differentiation, Gata3/Notch signals may also regulate cell survival in the parathyroid rudiment. The impairment of Gcm2/Gata3-Notch signals results in the reduced number and size of the parathyroids, in accordance with the mouse model where parathyroid precursors undergo rapid apoptosis in the absence of Gcm2 (Lui et al., 2007) . Although no differences were detected in the number of proliferating or apoptotic cells in the developing pharyngeal endoderm treated with Ly, we cannot exclude the role of Notch in these biological processes. In situ analysis showed small clusters of apoptotic cells on the endoderm grown in vitro for 24h (not shown). This suggests well-defined domains with a tight regulation of cell numbers that may correspond to organ rudiments, that is, the parathyroid glands. We also postulate that these untraced apoptotic events may occur even earlier during in vitro development.
During the course of our study we further attempted to identify the Notch ligands involved in PT rudiment formation. Only Jag1 was confined to the median/anterior territory of the pouches at cE3, overlapping with the Gcm2/parathyroid-fated domain. The capacity of Jag1-expressing cells to define boundaries by lateral inhibition has been reported in other developmental processes (Kiernan, 2013) . In this study, the Jag1-expression domain, as opposed to the Gata3/Gcm2/parathyroid-fated domain, was not altered when the pharyngeal source of Hh was abolished (Suppl. Fig. 5B ), suggesting that Jag1 defines the boundary of the rudiment independent of Hh. It may be that parathyroid cell-fate specification, accompanied by the definition of the boundary of the rudiments, occurs earlier in development. In agreement with this, the location of the parathyroid dorsal boundary appears to be unchanged when Gcm2/Pth expression is lost.
Nevertheless, the theory that there is positive regulation of Hh in settling the Gata3/Gcm2/parathyroid-fated domain is supported by the abnormal morphology and size of the glands in the absence of Hh signalling.
Thymic rudiment
The individual thymic rudiment was previously identified by the Foxn1-expression domain in the dorsal tip of the pouches at qE4 (Neves et al., 2012) . In this work we show that Foxn1 expression was strongly reduced when Notch signalling was impaired. The early downregulation of Foxn1 could however be reversed by subsequent restitution of Notch signalling activity in the thymic rudiment.
Notch signalling is known to play a unique function in the control of hair follicle differentiation by modulation of Foxn1 (Hu et al., 2010) . Although hair is an epidermal appendage that arose after the last shared common ancestor between mammals and birds, embryonic chicken feathers and nails also express Foxn1, demonstrating the conservation of these developmental processes during evolution (Darnell et al., 2014) . In addition, nude mice (Foxn1 -/-) have two major defects, abnormal hair growth and defective development of the thymic epithelium (Nehls et al., 1996; Blackburn et al., 1996; Bleul et al., 2006) , suggesting a common Notch-Foxn1 pathway in both developmental processes.
The Notch-target gene Gata3 may be one of the upstream regulators of Foxn1, since
Gata3 is expressed in the dorsal tip of the 3/4PP endoderm during T/PT common primordium formation. At this developmental stage, Gata3 in the prospective thymic rudiment is modulated by Notch (schematic representation in Figure 7C ).
When Hh signalling was blocked, we observed an expansion of the Foxn1/thymus-fated domain to a more median/posterior region, at the expense of the loss of Lfng-expression domain ( Figure 7C ). The capacity of the thymic rudiment to expand posteriorly suggests some degree of cell-fate plasticity of endodermal cells in the posterior/median domain of the pouch. Together with Lfng, the only Notch ligand faintly expressed in the median/posterior territory of the pouches was Delta1. Lfng typically enhances Notch activation by ligands belonging to the Delta family and reduces Notch activation by Jagged family ligands (reviewed in Stanley and Okajima, 2010) . This suggests that the posterior thymic boundary is determined by a lateral inhibition mechanism via Delta1. In the absence of Hh signals in the pharyngeal region, the disappearance of the Lfng-expression domain may result in reduced Delta1 activity and boundary displacement. Specifically, a reduction of the Delta1 signalling strength gradient may result in an augmentation of the posterior thymic rudiment territory. Here, we report the previously unreported regulation of the posterior boundary of thymic rudiment by Notch signalling via Lfng, in an Hh-dependent manner ( Figure 7C ).
Another Notch-target gene, Hey1, was markedly reduced when Notch activity was blocked in the pharyngeal tissues. Although Hey1 expression was not restricted to the endoderm of the pouches, our data suggest its involvement in the primordium development. In agreement, a recent report showed Hey1 expression in the thymic epithelium of mice (Subhan et al., 2013) .
The transcription factor Pax1, important for thymus (Dietrich and Gruss, 1995; Wallin et al., 1996) and parathyroid (Su et al, 2001) formation, was also downregulated when Notch signalling was inhibited, suggesting that Notch may act upstream of Pax1 during T/PT common primordium development. Taking into account that Pax1 is expressed very early in pouch formation (not shown) and during thymic epithelium differentiation; it is therefore conceivable that distinct mechanisms may positively regulate Pax1, from pharyngeal pouch morphogenesis to thymus organogenesis. A biphasic role in these distinct windows of development was recently described for the activity of another transcription factor, the Tbx1 gene (Reeh et al., 2014) .
In conclusion, our work shows that Notch signalling is crucial for T/PT common primordium development and parathyroid formation, in an Hh-dependent manner. Finally, we conclude that, despite the evolutionary distance, the regulatory mechanisms controlling the formation of these organs appear to be conserved in avians and mammals.
Conflicts of interest
The authors declare no conflict of interests.
Wallin J, Eibel H, Neubüser A, Wilting J, Koseki H, Balling R. 1996. Pax1 is expressed during development of the thymus epithelium and is required for normal T-cell maturation.
Development 122:23-30. 
Figure Legends
